Abstract-Chronic restraint stress produces morphological changes in medial prefrontal cortex and disrupts a prefrontally mediated behavior, retrieval of extinction. To assess potential physiological correlates of these alterations, we compared neural activity in infralimbic and prelimbic cortex of unstressed versus stressed rats during fear conditioning and extinction. After implantation of microwire bundles into infralimbic or prelimbic cortex, rats were either unstressed or stressed via placement in a plastic restrainer (3 h/day for 1 week). Rats then underwent fear conditioning and extinction while activity of neurons in infralimbic or prelimbic cortex was recorded. Percent freezing and neural activity were assessed during all phases of training. Chronic stress enhanced freezing during acquisition of conditioned fear, and altered both prelimbic and infralimbic activity during this phase. Stress did not alter initial extinction or conditioned stimulus (CS)-related activity during this phase. However, stress impaired retrieval of extinction assessed 24 h later, and this was accompanied by alterations in neuronal activity in both prelimbic and infralimbic cortex. In prelimbic cortex, unstressed rats showed decreased activity in response to CS presentation, whereas stressed rats showed no change. In infralimbic cortex, neurons in unstressed rats exhibited increased firing in response to the CS, whereas stressed rats showed no increase in infralimbic firing during the tone. Finally, CS-related firing in infralimbic but not prelimbic cortex was correlated with extinction retrieval. Thus, the stressinduced alteration of neuronal activity in infralimbic cortex may be responsible for the stress-induced deficit in retrieval of extinction.
frontal cortex has been implicated in many stress-related disorders (Baxter et al., 1989; Drevets et al., 1992; Carter et al., 2001; Takahashi et al., 2004) , is involved in many of the cognitive processes that are influenced by chronic stress (e.g., Dias et al., 1996) , and is a target for the hormones involved in the stress response (Meaney and Aitken, 1985) .
Chronic stress produces profound changes in the morphology of neurons in both the infralimbic and prelimbic regions of medial prefrontal cortex (mPFC) of male rats (Cook and Wellman, 2004; Izquierdo et al., 2006; Radley et al., 2006) . Interestingly, dendritic morphology of mPFC appears to be exquisitely sensitive to stress: Just one week of brief daily restraint reduces mPFC apical dendritic branch number and length (Brown et al., 2005) .
Exposure to chronic stress also produces deficits in retrieval of extinction of cued fear conditioning (Miracle et al., 2006; Garcia et al., 2008; Baran et al., 2009; Farrell et al., 2010) , a behavior mediated by the infralimbic region of mPFC (Quirk et al., 2000) . This suggests that chronic stress may compromise the function of mPFC. Indeed, acute stress produces sustained activation of infralimbic neurons (Jackson and Moghaddam, 2006) and impairs the induction of long term potentiation (LTP) in prelimbic cortex (Maroun and Richter-Levin, 2003) ; and chronic stress attenuates 5-HT-induced excitatory post-synaptic potentials (EPSP) in prelimbic neurons (Liu and Aghajanian, 2008) and impairs induction of LTP in infralimbic cortex (Goldwater et al., 2009) . However, no studies to date have assessed the effects of chronic stress on neuronal physiology in mPFC in behaving animals. Likewise, the relationship between stress-induced changes in neuronal firing in mPFC and stress-induced changes in fear conditioning and extinction is unknown. Therefore, we assessed the effects of chronic stress on activity of mPFC neurons during fear conditioning and extinction.
Previous studies suggest different roles for prelimbic (PL) and infralimbic cortex (IL) in expression of cued fear conditioning and acquisition and retrieval of extinction. For instance, lesions of dorsal mPFC facilitate reactivity to the conditioned stimulus (CS) (Morgan and LeDoux, 1995) , neurons in PL respond to the CS during fear conditioning (Baeg et al., 2001) , temporary inactivation of PL disrupts the expression of conditioned fear (Corcoran and Quirk, 2007) , stimulation of PL increases expression of conditioned fear and retards its extinction (Vidal-Gonzalez et al., 2006) , and activity in PL is associated with increased freezing during extinction (Burgos-Robles et al., 2009 ). Thus, PL may contribute to expression of conditioned fear. On the other hand, IL appears to play a critical role in retrieval of extinction: although there is some debate , several laboratories have now shown that lesions of IL impair retrieval of extinction (Quirk et al., 2000; Baran et al., 2010; Farrell et al., 2010) . Further, neuronal firing in this region increases in response to the CS during retrieval of extinction (Milad and Quirk, 2002) , and stimulation of IL facilitates retrieval of extinction (Milad et al., 2004) . Therefore, we assessed potential stressinduced changes in neuronal activity in each region.
EXPERIMENTAL PROCEDURES Animals
Male Sprague-Dawley rats (175-200 g, approximately 50 days old on arrival; Harlan, Indianapolis, IN, USA), were individually housed in a vivarium with a 12:12 h light/dark cycle (lights on at 6:30 AM) and ambient temperature of 23-25°C. To motivate rats for bar pressing, weights were gradually reduced to 85% of freefeeding weight. As in previous studies (Quirk et al., 2000; Miracle et al., 2006; Farrell et al., 2010) , rats were then maintained at this weight, with weekly increases allowing for normally occurring weight gain, throughout the duration of the experiment. All experimental procedures occurred between 7:00 AM and 5:00 PM. All experimental procedures were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the Bloomington Institutional Animal Care and Use Committee.
Bar press training
When rats had reached their target weight behavioral training and testing commenced. To obtain a baseline level of activity against which to measure freezing, rats were trained to bar press for food reinforcement (Quirk et al., 2000; Miracle et al., 2006; Farrell et al., 2010) . Each rat was placed in an operant chamber within a sound-attenuating cabinet (Med Associates, St. Albans, VT, USA). The chamber contained one operant lever on the left side of a food receptacle, an illuminated cue light over the lever, and a floor consisting of metal rods. Rats were shaped to press the lever for a food pellet reinforcer (BioServ pellets, Holton Industries, Frenchtown, NJ, USA); shaping lasted one to two sessions, after which the reinforcement schedule was gradually reduced over 4 days from FR-1 to VI-60. As in previous studies (Quirk et al., 2000; Miracle et al., 2006; Farrell et al., 2010) , during all subsequent phases of training and testing, rats were allowed to bar press for pellets on a VI-60 schedule. Computer-based operant software (MedPCIV; Med Associates, St. Albans, VT, USA) controlled pellet delivery.
Surgery
After bar press training was complete (at approximately 60 days of age), electrode bundles were implanted unilaterally into either PL or IL. Unilateral implantation was used to minimize electrode track damage to the dorsal mPFC, as such damage may potentiate conditioned freezing (Milad and Quirk, 2002; Milad et al., 2004) . Each electrode bundle consisted of one external stainless steel groundwire plus either one, two, or four pairs of 25 m formvar insulated, stainless steel microwires (California Fine Wire, Grover Beach, CA, USA) twisted together to form stereotrodes. All wires were friction fitted to gold pins and attached to a plastic connector (Omnetics Connector; Minneapolis, MN, USA) with epoxy adhesive. Rats were anesthetized with ketamine (74 mg/kg), xylazine (3.7 mg/kg), and acepromazine (0.74 mg/kg) and placed in a stereotaxic instrument (Kopf) with the incisor bar set so that bregma and lambda were in the same horizontal plane. The scalp was incised and retracted, a hole was drilled at 2.7 mm anterior and 0.5 mm lateral to bregma, and the underlying dura carefully retracted. Three additional holes were drilled for stainless steel anchoring screws, and the ground wire was secured to two of the anchoring screws. Electrode bundles were lowered to either 3.5 mm (PL) or 4.3 mm (IL) ventral to the skull, and cemented to the skull and anchoring screws with dental acrylic.
Restraint stress
Approximately 7 days after surgery, rats were randomly assigned to either unstressed (nϭ19) or stressed conditions (nϭ17). Stressed rats were placed in a small plastic semi-cylindrical restrainer (6.35 cm diaϫ15.24 cm l, modified so the tail piece locks into place; Braintree Scientific, Braintree, MA, USA) for 3 h per day for 1 week, a manipulation that produces significant increases in plasma corticosterone levels (Cook and Wellman, 2004) and has been shown to impair retrieval of extinction (Miracle et al., 2006; Farrell et al., 2010) .
Fear conditioning and extinction
Within 24 h of the final day of restraint, rats were placed in the operant chamber for a final session of bar press training (VI-60 schedule) and the headstage connector was plugged into a tether for acquisition of electrophysiological data while allowing the rat to move freely. During all subsequent phases of training and testing, rats were allowed to bar press for pellets on a VI-60 schedule. Fear conditioning and extinction took place over the following 2 days using a procedure similar to that of Quirk et al. (2000) . On day 1, rats were placed in the operant chambers and underwent fear conditioning. After a 3-min acclimation period, rats received five habituation trials consisting of a 30-s tone (4.5-kHz, 80 db). Habituation trials were included to mitigate ceiling effects (Baran et al., 2009) , and because previous studies describing the role of neural activity in IL (Milad and Quirk, 2002; Milad et al., 2004; Burgos-Robles et al., 2007) and PL (Burgos-Robles et al., 2009) in fear conditioning and extinction, as well as stress effects on extinction retrieval (Miracle et al., 2006; Baran et al., 2009; Farrell et al., 2010) have utilized habituation trials. Rats then underwent fear conditioning, consisting of seven pairings of the tone CS with a footshock unconditioned stimulus (US; 500-ms, 0.5 mA) coterminating with the tone CS. Rats were then returned to their home cages for 1 h, after which they were returned to the chambers and given extinction trials consisting of tone alone. As previously described (Miracle et al., 2006) , to ensure comparable levels of extinction learning across both groups, on day 1 extinction trials continued until the rat exhibited less than 10% (3 s) freezing on four consecutive trials (i.e., criterion). The following day, rats were given another 15 CS-alone trials to assess retrieval of extinction. For all phases of conditioning and extinction, variable intertrial intervals averaged 4 min. Computer-based operant software (Spike2; CED, London, UK) controlled the delivery of tones and shocks. For all trials, the duration of freezing (defined as the absence of any visible movement except that due to breathing) during the tone was measured with a digital stopwatch by an observer blind to experimental condition, and expressed as percent freezing (seconds spent freezing/30 s) during habituation, fear conditioning, extinction on day 1 (initial extinction), and extinction on day 2 (retrieval of extinction).
Single-unit recording
Neural activity was acquired and stored with a Power 1401 625 kHz data acquisition system and computer running Spike2 software (CED, London, UK) connected to a Lynx 8 amplifier (Neuralynx, Bozeman, MT, USA). Data were amplified (20 kHz), bandpass filtered (0.3-9 kHz), and continuously sampled (20 kHz) throughout fear conditioning and extinction for subsequent anal-ysis. All spike sorting occurred offline using Spike2. After a voltage threshold was established, individual units with similar waveforms and amplitudes were discriminated using principle components analysis. Time stamps from electrophysiological data were imported into NeuroExplorer (Nex Technologies, Littleton, MA, USA) and power spectral densities, autocorrelograms, and interspike interval histograms were used to ensure that units were free of noise and represented individual neurons. All units used in subsequent analyses were clearly identified, with signal-to-noise ratios of approximately 2 to 1. Because the primary focus of this experiment was to assess potential stress-induced differences in the responding of populations of neurons in mPFC, rather than to analyze differences in unit responses within animals across days, individual units were not tracked across recording sessions. Cortical neurons can be classified into fast-spiking (Ͼ10 spikes/s with narrow afterhypolarizations, AHP) and regular-spiking (Ͻ10 spikes/s with wide AHP) units (McCormick et al., 1985; Connors and Gutnick, 1990; Jung et al., 1998; Baeg et al., 2001; Homayoun et al., 2005; Homayoun and Moghaddam, 2007) , which are thought to correspond to interneurons and pyramidal cells, respectively (McCormick et al., 1985; Connors and Gutnick, 1990; Homayoun and Moghaddam, 2007) . Similar to previous reports, putative interneurons constituted Ͻ10% of our total neuronal sample (Jung et al., 1998; Baeg et al., 2001; Homayoun and Moghaddam, 2007) and were excluded from subsequent analyses. Data collected from putative pyramidal neurons were then analyzed in NeuroExplorer.
Statistical analyses
Percent freezing during habituation, fear conditioning, initial extinction, and retrieval of extinction were compared between unstressed and stressed groups. Data were analyzed using 2-way repeated measures ANOVAs (stressϫtrial); when appropriate, follow-up planned comparisons were conducted consisting of twogroup F-tests done within the context of the overall ANOVA (Hays, 1994; Maxwell and Delaney, 2003) . Finally, trials to criterion for initial extinction were calculated and compared between unstressed and stressed groups using a t-test (unpaired).
For the single-unit data, we first examined baseline firing rates by constructing histograms for a 10 s pre-tone period for all trials during habituation, conditioning, and extinction sessions. Baseline firing rates were compared across stress groups, brain regions, and training phases using a three-way ANOVA. Significant effects were followed by appropriate planned comparisons.
To evaluate neuronal responses to the CS, peri-stimulus time histograms (PSTH) were constructed for individual neurons for the 1 s preceding and 2 s following CS onset. Spikes were summed into 50-ms bins and expressed as percent change from baseline, defined as average firing rate during the 1 s preceding the onset of the CS (Milad and Quirk, 2002) . For statistical comparisons, PSTHs for individual neurons were averaged in unstressed versus stressed rats for all habituation trials, conditioning trials 2 to 7, initial extinction trials 2 to criterion, and all retrieval of extinction trials. The first trial was excluded for conditioning and initial extinction because learning about the CS-US association (conditioning) or lack thereof (extinction) could not occur prior to the second trial of each phase. CS-induced activity for stressed and unstressed rats was compared for the 2-s post-CS period using 2-way repeated measures ANOVAs (stressϫtime bin).
Significant group differences observed on these PSTHs were followed up by analyzing CS responses of individual neurons. We calculated 95% confidence intervals (Abeles, 1982) for raw baseline firing rate for each IL and PL neuron recorded during conditioning or retrieval of extinction. Each neuron was then categorized as either excited by the CS (2 or more post-CS binsϾupper 95% confidence interval), inhibited by the CS (2 or more post-CS binsϽlower 95% confidence interval), or not responsive to the CS (neither excited nor inhibited as defined above). Differences in proportions of neurons meeting these criteria in unstressed and stressed groups were then assessed using chi-square analyses.
In addition, to more closely examine potential group differences during particular phases of training that might be obscured by collapsing across trials, we constructed single-trial PSTHs for CS-induced activity in unstressed and stressed rats during the final conditioning, initial extinction, final extinction, and initial retrieval of extinction trial for PL and IL. Single trial CS-induced activity was calculated for IL for the first 200 ms of the post-CS period and for PL for the first 2 s of the post-CS period. These intervals were selected based on previous data on the duration of CS-induced activity in each region (Milad and Quirk, 2002; Burgos-Robles et al., 2009) . Percent change was calculated as described above and was compared across unstressed and stressed rats using 2-way repeated measures ANOVAs (stressϫtraining phase). When appropriate, follow-up planned comparisons were conducted consisting of two-group t-tests for between-group comparisons and one-group t-tests to measure CS-induced excitation or inhibition within a group (Hays, 1994; Maxwell and Delaney, 2003) .
Unpaired controls
To assess the specificity of differences in unit activity, a separate group of rats underwent bar press training followed by implantation of either one or two 4-wire electrode bundles as described above. Rats were either unstressed (nϭ9) or stressed (nϭ10) as described above. Neural activity was then recorded during fear conditioning and extinction. However, following habituation trials, the CS and US were presented in an explicitly unpaired fashion, with tones and footshocks occurring 1-3 min apart and inter-trial intervals averaging 2 min. Thus, total time in the conditioning phase was the same as for paired conditioning. Statistical analyses were performed as described for the rats undergoing paired conditioning.
Histology
After fear conditioning and extinction, all rats were deeply anesthetized with urethane and marking lesions were made by applying a current across each wire. Rats were transcardially perfused with saline followed by 10% formalin. Brains were removed and cryoprotected and frozen sections through mPFC were cut coronally at 40 m on a sliding microtome. Sections were stained with cresyl echt violet; marking lesions were visualized using a Prussian blue reaction. Electrode placement was verified based on standard cytoarchitectural criteria (Zilles and Wree, 1995) .
RESULTS

Paired conditioning
To rule out potential confounds due to differences in activity level between stressed and unstressed groups, average bar presses per min on the day immediately preceding fear conditioning and extinction were compared across groups using a t-test. Stress did not significantly alter bar pressing (tϭ1.46, Pϭ0.15).
Chronic stress facilitates freezing during fear conditioning and impairs retrieval of extinction. Stress did not appear to alter unconditioned responding to the tone (Fig.  1A) . Although repeated-measures ANOVA suggested a significant effect of stress during habituation (main effect of stress, F (1,34) ϭ6.28, PՅ0.05; stress by trial interaction, F (4, 136) ϭ0.69, Pϭ0.69), planned comparisons revealed that unstressed and stressed rats did not differ on any individual trial (Fs (1, 34) Ͻ3.71, ns), nor when comparisons were collapsed across trials (F (1,34) ϭ2.40, ns).
Freezing during acquisition of the conditioned fear response was facilitated by stress (Fig. 1B) . Both groups acquired the conditioned fear response, with a significant increase in freezing across trials (F (6,204) ϭ46.78, PՅ0.05). However, freezing significantly differed between unstressed and stressed rats (F (1,34) ϭ5.74, PՅ0.05), and this effect did not vary across trials (stress by trial interaction, F (6, 204) ϭ1.98, Pϭ0.07). The facilitated freezing during conditioning did not significantly alter freezing to the tone 1 h later during the first trial of extinction (F (1,34) ϭ 1.98, Pϭ0.17).
During initial extinction, freezing diminished across trials ( Fig. 1C; However, stress significantly altered extinction retrieval assessed on day 2 (Fig. 1D ). Whereas both groups showed a decrease in freezing across trials (main effect of trial, F (14, 476) ϭ25.18, PՅ0.05), stressed animals showed impaired extinction retrieval (main effect of stress, F (1,34) ϭ4.08, PՅ0.05; stress by trial interaction, F (14,476) ϭ 2.07, PՅ0.05). Planned comparisons indicated that stressed animals had significantly increased freezing during trials 1, 3 and 4 (Fs (1,34) Ͼ4.73, PՅ0.05). However, consistent with performance on initial extinction, freezing was not significantly different between unstressed and stressed rats on any other trial (all Fs (1,34) Ͻ1.89, ns).
Neuron characteristics. Unstressed rats had 10 IL and 12 PL recording sites (three rats had dual electrode placements: one IL and one PL two-wire or four-wire bundle) and stressed rats had 10 IL and nine PL recording sites (two rats had dual electrode placements: one IL and one PL four-wire bundle; Fig. 2A ). We recorded from a total of 513 putative pyramidal neurons (unstressed IL: 32 cells during habituation and conditioning, 34 cells during extinction, and 49 cells during extinction retrieval; stressed IL: 35 cells for habituation and conditioning, 40 cells for extinction, and 43 cells for extinction retrieval; unstressed PL: 50 cells for habituation and conditioning, 49 cells for extinction, and 57 cells for extinction retrieval; stressed PL: 38 cells for habituation and conditioning, 40 cells for extinction, and 46 cells for extinction retrieval).
Chronic stress alters baseline firing rate in mPFC during conditioning. To assess potential stress effects on baseline activity, we examined baseline firing rates averaged across all trials for each phase of training (Table 1) . Overall, there was a significant main effect of stress (F (1,658) ϭ5.77, PՅ0.05), brain region (F (1,658) ϭ23.50, PՅ0.05), and training phase (F (3, 658) ϭ13.40, PՅ0.05) on baseline firing rate. In addition, there were significant stressϫtraining phase (F (3, 658) ϭ4.44, PՅ0.05) and brain regionϫtraining phase (F (3, 658) ϭ3.37, PՅ0.05) interactions, but not stressϫbrain region (F (1,658) ϭ0.10, Pϭ 0.75) or stressϫbrain regionϫtraining phase interactions (F (3, 658) ϭ1.02, Pϭ0.38). Therefore, for each phase of training, baseline firing rate within each brain region was compared between unstressed and stressed rats using F-tests. In addition, one-way ANOVAs were used to compare firing rates across training phases within PL and IL for unstressed and stressed rats.
In IL, there was no effect of stress on baseline firing rate during habituation (F (1, 65) (3, 143) ϭ6.53, PՅ0.05) but not stressed (F (3, 149) ϭ6.53, Pϭ0.22) rats. Planned comparisons indicated that in unstressed rats baseline firing rate was reduced during conditioning relative to habituation, initial extinction, and extinction retrieval (Fs (1, (62) (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) Ͼ3.87, PՅ0.05), and baseline firing rate was decreased during extinction retrieval relative to habituation and initial extinction (Fs (1,79&81) Ͼ3.92, PՅ0.05).
In PL, baseline firing rates did not differ between unstressed and stressed rats for habituation (F (1,86) ϭ0.43, Pϭ0.51), conditioning (F (1,86) ϭ2.71, Pϭ0.10), or retrieval of extinction (F (1,101) ϭ0.04, Pϭ0.84), but were significantly decreased in stressed relative to unstressed rats during initial extinction (F (1,87) ϭ11.25, PՅ0.05). In PL, baseline firing rate varied significantly across training phase for unstressed (F (3, 202) ϭ5.41, PՅ0.05) and stressed rats (F (3, 158) ϭ5.88, PՅ0.05). Planned comparisons indicated that baseline firing rate was reduced during conditioning relative to habituation, initial extinction, and extinction retrieval for both unstressed and stressed rats (Fs (1,74-105) Ͼ 4.36, PՅ0.05), and baseline firing rate was also reduced during initial extinction relative to habituation for stressed rats (F (1,76) ϭ5.26, PՅ0.05). Thus, in unstressed rats, baseline firing rate in both IL and PL was reduced during conditioning, but stress eliminated this reduction in IL. Asterisk (*), significant difference relative to unstressed within a training phase and brain region; dagger ( † ), significant difference relative to habituation, initial extinction, and extinction retrieval within a treatment group and brain region; double dagger ( ‡ ), significant difference relative to habituation and initial extinction within a treatment group and brain region; section sign ( § ), significant difference relative to habituation within a treatment group and brain region. Chronic stress alters CS-related neural activity in mPFC during conditioning and extinction retrieval. Next, we examined CS-related activity for each phase of training (Figs. 3 and 4) . Visual inspection of PSTHs suggested that IL neurons were not responsive to the tone during habituation, slightly increased firing during conditioning for unstressed but not stressed rats, decreased firing during initial extinction for both unstressed and stressed rats, and increased firing in response to the tone during extinction retrieval for unstressed but not stressed rats (Fig. 3) . Twoway repeated measures ANOVAs confirmed that stress did not significantly alter CS-related activity during habituation (main effect of stress, F (1, 65) Pϭ0.10) . A more profound difference between unstressed and stressed rats was apparent during retrieval of extinction: units in stressed rats showed significantly less activity in response to the CS compared to neurons in unstressed rats (Fig. 3, main effect of stress, F (1,65) ϭ13.00, PՅ0.05; stressϫtime interaction, F (39, 3510) ϭ0.59, Pϭ0.98). Thus, during extinction retrieval the CS-related increase in IL activity in unstressed rats was similar to previous reports (Milad and Quirk, 2002) , but this normal pattern of activity was absent in stressed rats.
Visual inspection of PSTHs suggested that in unstressed rats, PL neurons were not responsive to the tone during habituation, increased CS-related firing during conditioning, and were inhibited during both initial extinction and extinction retrieval. On the other hand, in stressed rats, PL neurons appeared to be relatively unresponsive throughout all phases of training (Fig. 4) . Two-way repeatedmeasures ANOVAs indicated that stress did not significantly alter CS-evoked firing of PL neurons during habituation (main effect of stress, F (1,86) ϭ0.12, ns; stressϫtime interaction, F (39, 3354) Because the overall PSTHs revealed significant stress effects on neural activity during conditioning and extinction retrieval, individual-neuron analyses focused on these training phases. The activity of individual neurons in these phases paralleled that seen in the group PSTHs (see Figs. 5 and 6) . Because the number of neurons meeting the criterion for inhibition was quite low (in IL, less than 6% during either phase examined; in PL, less than 4% in either phase examined), inhibited neurons were excluded from further analysis. Thus, we compared the proportion of excited versus unresponsive neurons using chi-square analyses. During conditioning, the proportion of excited neurons did not significantly differ in IL of unstressed versus stressed rats (unstressed, 31%; stressed, 17%; 2 (1) ϭ1.83, Pϭ0.18; data not shown), whereas three times as many PL neurons were excited by the tone in unstressed compared to stressed rats ( Fig. 5;   2 (1) ϭ8.63, PՅ0.05). Thus, the proportion of CS-excited neurons in PL of unstressed rats was consistent with previous reports (Burgos-Robles et al., 2009) , but this normal pattern of excitation was absent in stressed rats during conditioning. On the other hand, during extinction retrieval, twice as many IL neurons were excited by the tone in unstressed compared to stressed rats ( Comparisons of activity on individual trials indicated that in IL, stress significantly altered CS-induced responding ( Fig. 7 ; main effect of stress, F (1,17) ϭ5.50, PՅ0.05; stressϫtraining phase interaction, F (3, 51) ϭ0.91, Pϭ0.44; main effect of training phase, F (3, 51) ϭ0.21, Pϭ89). Consistent with the PSTH analyses, for the first trial of extinction retrieval, unstressed rats showed a significant CSinduced increase in firing rate (t (9) ϭ2.71, PՅ0.05), whereas stressed rats (t (9) ϭϪ1.23, Pϭ0.25) did not. Moreover, unstressed animals had significantly more CS-induced excitation than stressed rats (t (18) ϭ2.42, PՅ0.05). However, no significant differences were present for either the final trial of conditioning or the first extinction trial (all ts (9) Ͻ1.84, all PsՆ0.10). Thus, IL activity was significantly increased in response to the tone during extinction retrieval in unstressed rats, consistent with previous reports (Milad and Quirk, 2002) , but this normal pattern of activity was absent in stressed rats.
For PL, CS-induced responding varied across phases of training (main effect of training phase, F (3, 54) ϭ4.56, PՅ0.05; main effect of stress, F (1,18) ϭ0.03, Pϭ0.98; stressϫtraining phase interaction, F (3, 54) ϭ2.10, Pϭ0.11). For the last trial of conditioning there was significant CSinduced excitation from baseline in unstressed rats (t (10) ϭ2.61, PՅ0.05) but not stressed rats (t (8) ϭ0.92, 
Pϭ0.38).
For the first trial of extinction retrieval, unstressed rats had significant CS-induced PL inhibition (t (11) ϭϪ3.66, PՅ0.05), whereas stressed rats did not have a significant PsՆ   Fig. 6 . Chronic stress decreases the proportion of neurons in infralimbic cortex that show CS-induced excitation during extinction retrieval following paired conditioning. (A) Representative raw firing rate (50 ms bin size) for the 1 s preceding and 2 s following CS onset (vertical dashed line) for a neuron in infralimbic cortex of an unstressed (above) and a stressed (below) rat. Horizontal lines indicate mean baseline firing rate (short dash) and 95% confidence interval for increased and decreased (long dash) firing relative to baseline. (B) Percentage of CS-responsive cells that were classified as excited (Ն2 bins that crossed the upper 95% confidence limit) or no change (neither excited nor inhibited in response to the CS) recorded in infralimbic cortex of unstressed and stressed rats during extinction retrieval. There was a significantly higher proportion of excited IL neurons in unstressed rats. (A) Representative raw firing rate (50 ms bin size) for the 1 s preceding and 2 s following CS onset (vertical dashed line) for a neuron in prelimbic cortex of an unstressed (above) and a stressed (below) rat. Horizontal lines indicate mean baseline firing rate (short dash) and 95% confidence interval for increased and decreased (long dash) firing relative to baseline. (B) Percentage of CS-responsive cells that were classified as excited (Ն2 bins that crossed the upper 95% confidence limit) or no change (neither excited nor inhibited in response to the CS) recorded in prelimbic cortex of unstressed and stressed rats during extinction retrieval. There was a significantly higher proportion of excited PL neurons in unstressed rats. 0.12). Thus, CS responses of PL neurons in unstressed rats were consistent with previous data (Burgos-Robles et al., 2009), while PL neurons in stressed rats did not respond to the CS.
Activity in IL but not PL is correlated with retrieval of extinction.
The relationship between activity in mPFC and performance during the two phases of training during which stress significantly altered behavior were examined. Correlations between unit activity (expressed as percent change from baseline on trial one of extinction retrieval; calculated as described in Methods above) in either IL or PL, and percent freezing during the last trial of conditioning and spontaneous recovery of freezing on day 2 (defined as percent freezing on trial 1 of extinction retrieval/maximum freezing during initial extinction) were computed. Unit activity during the last trial of fear acquisition in either PL or IL and average freezing on this trial were not significantly correlated ( Fig. 8; for PL, rϭϪ0.29, Pϭ0.22; for IL, rϭ0.27, Pϭ0.61) . For IL, CS-evoked unit activity was significantly and negatively correlated with spontaneous recovery, with greater CS-evoked inhibition associated with more freezing during extinction retrieval ( Fig. 8; rϭϪ0. 
49, PՅ0.05).
On the other hand, PL unit activity was not significantly correlated with freezing during extinction retrieval (Fig. 8; rϭ0.01, Pϭ0.98) . Thus, stress-induced alterations in IL but not PL unit activity were associated with deficits in retrieval of extinction.
Unpaired controls
Behavior. As in rats undergoing paired conditioning, stress did not alter unconditioned responding to the tone during habituation trials ( Fig. 9A; (Fig. 9D ). Stressed and unstressed rats showed comparable decreases in freezing across trials (main effect of trial, F (14,224) ϭ5.13, PՅ0.05; main effect of stress, F (1,16) ϭ 1.54, Pϭ0.23; stressϫtrial interaction, F (14, 224) ϭ0.72, Pϭ0.76). Thus, the stress-induced deficit in extinction retrieval in the paired rats reflects learning-specific alterations.
Unit activity. Unstressed rats had five IL and eight PL recording sites and stressed rats had six IL and eight PL recording sites (Fig. 2B) . Five unstressed and six stressed rats had dual electrode placements (one IL and one PL four-wire bundle). For unstressed IL, we recorded from an additional 967 putative pyramidal neurons (for unstressed PL, 41 cells during habituation, 31 cells during conditioning, 47 cells during extinction, and 45 cells during extinction retrieval; for stressed IL, 77 cells for habituation, 68 for conditioning, and 70 each for extinction and extinction retrieval; for unstressed PL, 58 cells for habituation, 46 for conditioning, 69 for extinction, and 74 for extinction retrieval; for stressed PL, 70 cells for habituation, 50 for conditioning, 76 for extinction, and 75 for extinction retrieval).
Two-way repeated measures ANOVAs showed that for IL units, stress did not significantly alter tone-related activity during habituation ( Fig. 10A ; main effect of stress, F (1, 116) ϭ1.93, Pϭ0.17; stressϫtime interaction, F (39,4524) ϭ 1.15, Pϭ0.24) and initial extinction ( Fig. 10C ; main effect of stress, F (1, 115) ϭ0.00, Pϭ0.99; stressϫtime interaction, F (39, 4485) ϭ0.63, Pϭ0.97). However, during conditioning, whereas there was no overall difference in unit activity Fig. 7 . Neurons in infralimbic and prelimbic cortex of chronically stressed rats that underwent paired fear conditioning are unresponsive to CS during conditioning and retrieval of extinction. Mean CS-related activity (expressed as percent change from baseline) of infralimbic (above) and prelimbic (below) units in the first 200 ms (infralimbic) or 2 s (prelimbic) after CS onset for the initial or final trial for conditioning, extinction and extinction retrieval. Asterisk (*) indicates significant difference relative to unstressed; daggers ( †) indicate significant differences relative to baseline.
(main effect of stress, F (1, 97) ϭ1. 78, Pϭ0.19) , the pattern of tone-related activity was significantly different in unstressed versus stressed rats ( Fig. 10B ; stressϫtime interaction, F (39, 3783) ϭ1.76, PՅ0.05). Further, during extinction retrieval, units in stressed rats showed significantly less activity in response to the tone compared to neurons in unstressed rats (Fig. 10D, This difference in activity in unstressed versus stressed rats was present despite the fact that visual inspection of PSTHs suggested that the patterns of responding in IL neurons were different in unstressed rats that underwent paired versus unpaired conditioning. Two-way repeated measures ANOVAs confirmed that although tone-related IL activity was similar in unstressed unpaired and paired rats during conditioning ( Fig. 11A ; main effect of training type, F (1,61) ϭ1.40, Pϭ0.24; training typeϫtime interaction, F (39, 2379) ϭ1.20, Pϭ0.18), the pattern of tonerelated activity during extinction retrieval was different ( Fig.   11B ; training typeϫtime interaction, F (39, 3588) ϭ1.47, PՅ0.05; main effect of training type, F (1,92) ϭ2.30, Pϭ 0.13). Similarly, patterns of firing were significantly different in stressed paired versus unpaired rats during both conditioning ( Fig. 11A ; main effect of training type, F (1,101) ϭ6.86, PՅ0.05; training typeϫtime interaction, F (39,3939) ϭ0.97, Pϭ0.52) and extinction retrieval ( Fig. 11B ; training typeϫtime interaction, F (39, 4602) ϭ1.46, PՅ0.05; main effect of training type, F (1,118) ϭ0.55, Pϭ0.82).
For PL units, stress did not significantly alter tonerelated activity during habituation ( Fig. 12A ; main effect of stress, F (1,126) ϭ0.15, Pϭ0.70; stressϫtime interaction, F (39, 4914) ϭ1.24, Pϭ0.15), conditioning ( Fig. 12B ; main effect of stress, F (1,94) ϭ0.11, Pϭ0.74; stressϫtime interaction, F (39, 3666) ϭ1.05, Pϭ0.38), or extinction retrieval ( Fig.  12D ; main effect of stress, F (1,147) ϭ1.30, Pϭ0.26; stressϫtime interaction, F (39, 5733) ϭ1.32, Pϭ0.09). However, during initial extinction, whereas there was no overall difference in unit activity (main effect of stress, F (1,143) ϭ1.33, Pϭ0.25), the pattern of tone-related activity Fig. 8 . Stress-induced inhibition of infralimbic activity is associated with poor extinction retrieval following paired conditioning. (A) Linear regression for average unit activity for each rat (percent change from baseline during the first 2 s of CS on trial 1 of extinction retrieval) versus freezing on the last trial of conditioning for neurons in infralimbic (above) and prelimbic cortex (below). (B) Linear regression for average unit activity for each rat (percent change from baseline during the first 200 ms of CS on trial 1 of extinction retrieval) versus recovery of freezing on day 2 (percent freezing on trial 1 of extinction retrieval/maximum freezing during initial extinction) for neurons in infralimbic (above) and prelimbic cortex (below).
was significantly different in unstressed versus stressed rats ( Fig. 12C ; stressϫtime interaction, F (39, 5577) ϭ1.44, PՅ0.05). This difference in activity in unstressed versus stressed rats was again present despite the fact that the patterns of responding in PL neurons in unstressed rats undergoing paired versus unpaired conditioning were strikingly different ( Fig. 13; main effect of training type,  F (1,116) ϭ8.04, PՅ0.05; training typeϫtime interaction, F (39, 4524) ϭ0.74, Pϭ0.88). Similar differences were found in stressed paired versus unpaired rats ( Fig. 13; main  effect of training type, F (1,114) ϭ7.82, PՅ0.05; training typeϫtime interaction, F (39, 4446) ϭ0.82, Pϭ0.78).
Individual neuron analyses focused on conditioning and extinction retrieval, the training phases in which stress effects were found for paired conditioning. Chi-square analyses indicated that the proportion of excited neurons did not significantly differ in IL of unstressed versus stressed rats during conditioning (unstressed, 29%; stressed, 16%; 2 (1) ϭ2.18, Pϭ0.14; data not shown) or extinction retrieval (unstressed, 22%; stressed, 14%; 2 (1) ϭ1.26, Pϭ.26; data not shown), nor did they significantly differ in PL (conditioning: unstressed, 24%; stressed, 20%; 2 (1) ϭ0.21, Pϭ0.65; extinction retrieval: unstressed, 15%; stressed, 15%; 2 (1) ϭ0.001, Pϭ0.97). Likewise, comparisons of activity on individual trials indicated that there were no significant differences in toneinduced responding during any training phase ( Fig. 14; IL: main effect of stress, F (1,9) ϭ0.09, Pϭ0.77; stressϫtraining phase interaction, F (3, 27) ϭ0.60, Pϭ0.62; PL: main effect of stress, F (1, 14) ϭ0.01, Pϭ0.92; stressϫtraining phase interaction, F (3, 42) ϭ0.70, Pϭ0.56).
DISCUSSION
We found that stress enhanced freezing during acquisition of conditioned fear, and altered activity of both PL and IL neurons during this phase of training. Both unstressed and stressed rats showed reduced baseline firing of PL neurons during conditioning, but only unstressed rats showed reduced baseline firing in IL during conditioning. Further, CS-evoked activity in stressed rats was reduced relative to that in unstressed rats in both PL and IL. In contrast, while stressed rats showed decreased baseline firing rates in PL during initial extinction, stress did not significantly alter freezing during initial extinction or CS-related mPFC activity during this phase. However, stress impaired retrieval of extinction assessed 24 h later, and this was accompanied by alterations in neuronal activity in PL and IL. In PL, stress prevented the CS-evoked inhibition of activity seen in unstressed rats. In IL, neurons in unstressed rats exhibited increased firing rate in response to the CS, whereas stressed rats showed inhibition of IL firing during the tone. Finally, CS-related firing in IL but not PL was correlated with extinction retrieval. Importantly, stress did not significantly alter freezing during any training phase in rats that underwent explicitly unpaired presentations of the tone and shock during conditioning, suggesting that the behavioral changes seen with paired training reflect learning-related alterations. Further, unstressed rats undergoing unpaired training did not show the significant alterations in tone-related firing in IL or PL seen in unstressed rats receiving paired conditioning, indicating that the changes in unit activity in the unstressed rats are specific to learning. Similarly, stressed rats undergoing unpaired training had significantly different tonerelated firing in IL and PL compared to stressed rats that underwent paired training, indicating that the changes in unit activity in the stressed rats were also specific to paired presentations. However, alterations in tone-related activity in stressed versus unstressed rats were present with either unpaired or paired training, suggesting that stress produced mPFC dysfunction regardless of what is being learned. This is consistent with the hypothesis that chronic stress produces pervasive changes not just in the morphology of mPFC (e.g., Cook and Wellman, 2004) but also its physiology (e.g., Goldwater et al., 2009) . Indeed, visual inspection of our data suggest a relatively generalized suppression of responding in mPFC throughout the training sessions in the stressed rats, which becomes more pronounced during the final session. Thus, while the pattern of activity in unstressed mPFC is learning-specific, the dysfunction in stressed mPFC is not, but sets the stage for a disruption of extinction learning.
Chronic stress alters fear conditioning and extinction retrieval
One week of daily restraint stress increased freezing during acquisition of conditioned fear. Although stressed rats showed increased freezing during the final trials of conditioning, they did not show more freezing during the initial extinction trials, nor did they require more trials to reach extinction criterion. This dissociation may reflect a selective effect on expression of conditioned fear during acquisition. This is in contrast to our previous study (Miracle et al., 2006) , in which one week of restraint stress produced significant changes in retrieval of extinction but not acquisition of conditioned fear. Differences in the stressors involved in the two studies could explain this difference. Longer-term chronic restraint stress can both facilitate fear conditioning (Conrad et al., 1999) and increase dendritic extent and spine density in basolateral amygdala (Vyas et al., 2002 (Vyas et al., , 2006 . It is interesting to speculate that the combination of a prior stressor-for example the surgery and/or food restriction-and the short-term, moderately intense restraint stress in the present study resulted in a facilitation of fear conditioning, perhaps mediated by changes in basolateral amygdala. Alternatively, it is possible that nonsignificant trends present in the original study simply reached significance here.
Consistent with previous reports, stress also impaired retrieval of extinction (Miracle et al., 2006; Garcia et al., 2008; Baran et al., 2009; Farrell et al., 2010) . The impairment in extinction retrieval was not likely due to facilitation of fear conditioning, as there were no differences in freezing on the initial extinction trials, and the number of trials required to reach criterion did not vary between stressed and unstressed rats. Further, others have shown that chronic restraint stress in male rats does not increase reinstatement of conditioned fear via unsignaled footshock, or expression of the conditioned fear memory in the absence of prior extinction trials (Baran et al., 2009 ). Nonetheless, it is possible that the effect seen during extinction retrieval might be due to strengthening of the CS-US association and therefore increased spontaneous recovery on day 2 rather than an actual decrement in extinction retrieval. Therefore, we cannot rule out the possibility that the stress-induced facilitation of freezing during fear conditioning contributed to the changes seen during extinction retrieval. A future study could address this possibility by stressing animals after fear conditioning rather than before.
In the present study, we demonstrated that unstressed and stressed rats did not differ in freezing response to the tone during any phase of testing when the tone and shock were explicitly unpaired. Others have shown that unstressed and stressed rats show comparable behavioral responses (jumping, flinching) to unsignaled footshock (Baran et al., 2009) . Thus, nonassociative processes such as heightened emotionality or sensitization are unlikely to explain the increased freezing during extinction retrieval. Finally, Baran and colleagues (2009) demonstrated stressinduced deficits in retrieval of extinction but no difference between stressed and unstressed rats in freezing to context during this phase. Thus, while we trained and tested rats in the same context, the increased freezing seen during extinction retrieval likely reflects responses to tone rather than context. Taken together, these results suggest that prior exposure to chronic stress has distinct and dissociable effects on different aspects of fear conditioning and extinction, likely due to differential effects on the neural regions underlying these components.
Chronic stress-induced alterations in neuronal activity in mPFC
The impairment in retrieval of extinction was accompanied by alterations in neural activity in PL and IL. Furthermore, analysis of PSTHs demonstrated that activity of PL neurons was inhibited by the CS in unstressed but not stressed rats. Additionally, unstressed rats exhibited an increase in neuronal firing in IL in response to the CS during retrieval of extinction, whereas stressed rats failed to increase firing in IL during the CS. Finally, CS-related activity in IL but not PL was correlated with extinction retrieval. Thus, while we found stress-induced alterations in activity of both PL and IL, only functional alterations in IL were associated with stress-induced impairment of extinction retrieval.
Baseline firing in mPFC was suppressed in unstressed rats during fear conditioning. Basolateral amygdala provides projections to mPFC (McDonald, 1991; Verwer et al., 1996) , and activation of amygdalar inputs inhibits output neurons in mPFC (Garcia et al., 1999) . Thus, the suppression of baseline activity that we observed during conditioning could reflect inhibition by the amygdala.
Furthermore, in unstressed rats, PL neurons increased firing in response to the CS during conditioning, and decreased firing in response to the CS during extinction retrieval. This pattern is consistent with recent evidence for PL contributions to expression of conditioned fear (Corco- ran Burgos-Robles et al., 2009) , and an inverse relationship between PL activity and successful retrieval of extinction (Burgos-Robles et al., 2009 ). Stress prevented CS-elicited changes in PL activity during conditioning and extinction retrieval, suggesting that stress-induced changesinPLneuronsrenderthemlessresponsivetoinputseither inhibitory on excitatory-during fear conditioning and extinction. Interestingly, this decreased responsiveness did not correlate with expression of conditioned fear either late in acquisition or during extinction retrieval, again suggesting that changes in other corticolimbic structures, for instance the amygdala, likely also contribute to the stressinduced behavioral changes.
IL plays a critical role in retrieval of extinction: Lesions of IL impair retrieval of extinction (Quirk et al., 2000) , neuronal firing in this region increases in response to the CS during retrieval of extinction (Milad and Quirk, 2002) , and stimulation of IL facilitates retrieval of extinction (Milad et al., 2004) . Consistent with this role, we found increased IL activity during extinction retrieval in unstressed rats. However, in stressed rats, IL neurons failed to increase their firing rates in response to the CS. Furthermore, consistent with previous reports in unstressed rats (Milad and Quirk, 2002) , firing in IL was correlated with extinction retrieval. Thus, stress-induced changes in the activity of IL may be responsible for the stress-induced changes in extinction retrieval. In addition, although stress-induced alterations in IL activity were present during conditioning as well, activity in IL was not correlated with expression of conditioned fear in late acquisition-despite the significant stress-induced facilitation of freezing during acquisition. Thus, as expected given evidence for a discrete role for IL in extinction retrieval but not acquisition of fear conditioning (Quirk et al., 2000) , the contribution of stress-induced dysfunction of IL to stress-induced impairment of retrieval of extinction can be dissociated from stress-induced changes mediating facilitation of conditioned fear.
As with PL, the altered IL activity in stressed rats is consistent with the hypothesis that stress-induced changes in IL neurons render them less responsive to inputs. This is consistent with morphological alterations in both PL and IL seen after chronic stress (e.g., Cook and Wellman, 2004; Izquierdo et al., 2006) . Alterations in neuronal excitability are associated with changes in dendritic morphology. For instance, repeated high-frequency stimulation of callosal fibers both increases dendritic length and potentiates excitability of cortical pyramidal cells , while repeated low-frequency stimulation produces dendritic retraction and concomitant decreases in excitability (Monfils and Teskey, 2004) . Furthermore, stimulation of apical tufts of cortical pyramidal neurons disproportionately excites these cells (Rhodes and Llinás, 2001 ). Thus, stress-induced retraction of apical dendrites of IL neurons could decrease their excitability, impairing retrieval of extinction of conditioned fear.
Likewise, chronic administration of the stress hormone corticosterone downregulates expression of the NR2B subunit of the NMDA receptor in mPFC (Gourley et al., 2008) . Given that activation of NMDA receptors in IL is necessary for consolidation and retrieval of extinction (Burgos-Robles et al., 2007) , chronic stress-induced alterations in NMDA receptor expression in IL could also contribute to the stress-induced alteration in IL activity during, and deficit in, retrieval of extinction.
Nonetheless, IL is part of a circuit whose coordinated activation is critical for retrieval of extinction, and multiple structures in the circuit-for instance, hippocampus and basolateral amygdala-are influenced by chronic stress (e.g., Magariños and McEwen, 1995; Vyas et al., 2002) . Potentiation of hippocampal synapses in mPFC is associated with extinction (Farinelli et al., 2006) , and disruption of this potentiation, via either low-frequency stimulation or prior exposure to chronic stress, impairs retrieval of extinction (Garcia et al., 2008) . Likewise, activation of basolateral amygdala inputs to IL may suppress IL activity through activation of inhibitory interneurons (Cunningham et al., 2008) . Thus, the inhibition of activity in IL in stressed rats, and its association with impaired extinction retrieval, could reflect stress-induced alterations in structures such as the hippocampus and amygdala that provide input to mPFC. 14. Tone-related activity for specific trials does not significantly differ for unstressed and stressed rats that underwent unpaired conditioning. Mean tone-related activity (expressed as percent change from baseline) of infralimbic (above) and prelimbic (below) units in the first 200 ms (infralimbic) or 2 s (prelimbic) after CS onset for the initial or final trial for conditioning, extinction and extinction retrieval.
Indeed, even if the stress effects we have shown are intrinsic to IL, potential morphological contributions to them nonetheless may reside at the circuit level, as recent data suggest that in IL, some neurons-for instance, those that project directly to basolateral amygdala-may not show the stress-induced changes in dendritic morphology that are apparent in other IL pyramidal neurons (Shansky et al., 2009 ). However, Shansky and colleagues' (2009) data are not inconsistent with the hypothesis that morphological changes in IL neurons are directly responsible for stressinduced deficits in extinction retrieval: The major amygdalar targets of IL are the intercalated neurons of the amygdala and the central nucleus of the amygdala (Vertes, 2004) . IL likely participates in extinction via activation of inhibitory interneurons in these structures .
CONCLUSION
The present study demonstrates that chronic stress alters activity of neurons in mPFC, with concomitant impairment of retrieval of extinction. Therefore, stress-induced alterations in activity of neurons in mPFC during retrieval of extinction may be responsible for this deficit. Given the strong link between stress and psychological disorders (Garcia, 2002) , understanding the mechanisms whereby stress alters prefrontal function should help to elucidate causal pathways in mental illness.
